Any polar-ordered material with a spatially uniform polarization field is internally frustrated: The symmetry-required local preference for polarization is to be nonuniform, i.e., to be locally bouquet-like or "splayed." However, it is impossible to achieve splay of a preferred sign everywhere in space unless appropriate defects are introduced into the field. Typically, in materials like ferroelectric crystals or liquid crystals, such defects are not thermally stable, so that the local preference is globally frustrated and the polarization field remains uniform. Here, we report a class of fluid polar smectic liquid crystals in which local splay prevails in the form of periodic supermolecular-scale polarization modulation stripes coupled to layer undulation waves. The polar domains are locally chiral, and organized into patterns of alternating handedness and polarity. The fluid-layer undulations enable an extraordinary menagerie of filament and planar structures that identify such phases.
The discovery that polar order (1) and macroscopic chirality (2) appear spontaneously in fluid smectic liquid crystals (LCs) of achiral bent-core "bow" or "banana-shaped" molecules as a result of distinct broken orientational symmetries opened the study of a broad new class of polar condensed phases of unexpected richness, deriving from the interplay of polarity and chirality (3) . The four basic polar chiral smectic banana phases (the SmCPs or B2s) are layered, either with the same tilt in adjacent two-dimensional (2D)-fluid layers (synclinic, C S ) or with opposite tilt in adjacent layers (anticlinic, C A ), and either synpolar (ferroelectric, P F ) or antipolar (antiferroelectric, P A ), as sketched in Fig. 1A , where chirality (handedness) is indicated by color (magenta versus cyan). All four of these B2 subphases have been found in materials of bent-core molecular family shown in Fig. 1A: the SmC S P A (racemic antiferroelectric) and SmC A P A (homochiral antiferroelectric) structures in the prototypical material NOBOW (2, 4) ; and the SmC A P F (racemic ferroelectric) in a material not shown here (5) . Several other materials, including MHOBOW (6, 7) , PBCOB (8) , H87 (9) , and CITRO (10) in Fig.  1 exhibit the SmC S P F (homochiral ferroelectric) structure, but under heretofore mysterious circumstances: SmC S P F characteristics appear only if a suitably large electric field is applied, and then only irreversibly from equilibrium states of unknown structure that are so different from the other B2s that they have until now been grouped as separate phases, the B7 class (11).
Upon cooling from the isotropic, B7 phases grow in a wildly variegated morphology of domains that are unusually beautiful even by LC standards (see cover), featuring twisted helical filaments (6, 8, (12) (13) (14) (Fig. 2, A and B), high-and low-birefringence focal conics striped either parallel or normal to the smectic layering (12, 15) (Fig. 2C) , banana leafshaped domains (15) (Figs. 3E and 4) , checkerboard textures (6, 12, (14) (15) (16) (Fig. 2C) , and freely suspended filaments (12, 16, 17) . We combine x-ray diffraction (XRD), freeze fracture transmission electron microscopy (FFTEM), and depolarized transmission and reflection light microscopy (DTLM and DRLM) to establish unambiguously the underlying structural principle of the B7 phases. In so doing, we find yet another exotic broken symmetry, the spontaneous periodic modulation of the polarization density into splay domains. We thus establish the existence of a new class of bulk condensed phases, which join the vortex lattice (18) , twist grain boundary (19) , and blue (20) phases as periodic structures stabilized by a free-energy term linear in a field gradient.
In polar fluid LCs such as the SmCPs, the polarization P is free to rotate continuously in the layer plane in response to surface, electric, and elastic torques (i.e., its orientation is a Goldstone variable, in contrast to solid ferroelectrics, where P adopts a set of discrete orientations established by a lattice). A consequence of this orientational freedom is the possibility of polarization modulation (PM), an example of which is shown in Fig. 1B . Because of its vectorial symmetry, the local energy density of the P field contains a term of the form U ϳ (ٌYP Ϫ c o ) 2 , where c o is a constant, stabilizing finite splay of P (e.g., c o , ٌYP Ͼ 0 in the red example of Fig. 1B ) (21) . However, filling space such that the volume average ٌ͗YP͘ 0, requires spatial inhomogeneity, such as the stripes sketched in Fig.  1C , where the regions with ٌYP Ͻ 0 are confined to less well-ordered defect lines (green). In known ferroelectrics such defects are too costly in energy, so P reverts to its uniform state and the tendency for local splay is globally frustrated (22) . PM has been proposed and observed to date in a variety of LC interfacial structures, such as freely suspended smectic films (23) (24) (25) (26) (27) (28) (29) (30) , Langmuir monolayers (31, 32) and phospholipid tubules (33) , and has been proposed to explain undulated lamellar lipid phases (34) and analog chiral smectic electro-optic (EO) behavior (35) . Here, we demonstrate the existence of bulk phases with polarization modulation stabilized by polarization splay.
Based on the results we present below, we will propose that the B7 is a polarization modulated/undulated layer (PM/UL) stripe structure. In a SmCP system, the molecular bananas reorient across splay stripes in four combinations of handedness and orientation of P for a given sign of splay, as shown in Fig. 1D . The essential feature establishing the relation between the polarization modulation and the layer undulations is illustrated in Fig.  1E : Along the PM defect lines, the layers are necessarily thicker because the disorder in both P and molecular azimuthal orientation (at the green boundaries in Fig. 1D ) will produce a smaller molecular tilt. In a bulk material, the pitch of the layering along s must be the same everywhere, requiring the thinner layer regions between the defect lines to tilt and effectively thicken along the mean s, as they do, for example, in the formation of the smectic chevron structure (36) and the smectic undulation instability (37) . The result is an undulated PM structure having a pitch (distance along s per layer) d s that is larger than d, the pitch of the flat, defect-free layers, as is observed (Fig. 3D) .
B7 layer structure. Synchrotron-based powder and single-domain microbeam XRD data (38, 39) and FFTEM observations provide basic evidence for a generic structure for the B7 phases. Previous XRD studies of B7 phases have found a diffuse peak at high angle, which indicates that the layers are 2D fluids. Additional small angle peaks indicate complexity beyond a simple lamellar structure and suggest 2D ordering (12, 15, (40) (41) (42) . Our powder scans for MHOBOW and PBCOB in Fig. 3 , A and B, typical of the blue-labeled B7s in Fig. 1 , indeed show 2D ordering, with three distinct features: a series of peaks at very small angle, and closely spaced sets of multiple peaks, previously unresolved, near scattering vectors q ϳ 0.16 Å Ϫ1 ( Fig. 3A ; s ϭ 1) and q ϳ 0.33Å Ϫ1 ( Fig.  3B; s ϭ 2) , where the single-peak lamellar reflections would appear for simple lamellar SmCP phases ( fig. S1 ). This powder pattern is accurately indexed by the rectangular 2D reciprocal lattice indicated in the inset in Quantitative analysis of the intensities of these peaks follows from assuming the electron density to be that of periodically undulated layers, i.e., (r) ϭ ⌺ n f {z Ϫ [nd ϩ u n (r)]}, where d is the intrinsic smectic layer thickness, f{z} is the layer electron density profile of a single layer, and u(r) ϭ ⌺ j A j cos( jk m Yr) is the periodic local layer displacement along s (43) . The relative MHOBOW intensities I(s,m) for s ϭ 1 in Fig.  3A and s ϭ 2 in Fig. 3B can be fit quite well with the further assumption that the undulation is simply sinusoidal, i.e., with only A 1 0, as indicated in Fig. 3C (44) . These and the data on the other B7s thus indicate a structure of stacked smectic layers, periodically undulated with wavelength d m as follows: S2) ; and CITRO {d m ϭ 153 Å at T ϭ 100°C} (45) . An interesting feature of the simple undulation model is that it predicts zero intensity for s ϭ 0, i.e., absence of the zero-order reflections shown in Fig. 3B . Thus, these peaks must originate from structural features internal to the layers, e.g., electron density modulation associated with the splay defect lines.
X-ray microdiffraction with a 5-mdiameter beam was carried out on single CITRO nested cylinder focal conic domains (FCDs) (Fig. 3D) and MHOBOW "banana leaf " domains (BLDs) (Figs. 3E and 4) , prominent textural features of B7 phases as grown by cooling from the isotropic with the LC filling the gap of a cell made by spacing two plates a few micrometers apart (38) . Figure 3E illustrates the BLD experiment with the beam passing through the BLD within the yellow circle. This experiment revealed the q-space orientation of the BLDs indicated in Fig. 3E , with the mean layer normal s parallel to both the glass and to the leaf long axis, and the undulation wavevector m normal to the glass, and yielded an s ϭ 1 q-space structure that is fully consistent with the powder results of 3C . Thus, the overall layer structure of the BLD, sketched in Fig. 4C , is "bookshelf," with the layers on-average normal to the plates and the undulation crests and troughs parallel to the glass. Figure 3D shows microbeam scattering from the pictured FCD of B7 CITRO. With x-rays incident on an FCD grown by cooling from the isotropic phase (through the red circle and nearly normal to the glass), the red-shaded scattering is observed, the [s ϭ 1, m ϭ 0, Ϯ1] reflections ( pink dots) indicating that the undulated layers are oriented as indicated, with both s and m parallel to the glass plates ( plane of the page). The scattering is in arcs here because of the large mosaic spread due to the curvature of the layers in the nested cylinder structure of the FCD.
Freeze fracture was carried out by quenching the LC, sandwiched between 2 mm by 2 mm Cu planchettes, from various temperatures in the B7 range to 77 K by rapid immersion in liquid nitrogen or propane, and fracturing cold in a vacuum. FFTEM of Pt-C fracture face replicas revealed topographies having the global structure of single-and multiple-layer steps familiar from the study of fluid thermotropic and lyotropic smectics (46, 47) . However, the layers that would appear flat and smooth for such materials were, in MHOBOW, distinctly marked by a appear to be mirror symmetric about the planes of layer displacement maxima and minima, justifying the cosine expansion of u(r). However, they exhibit distinct textural domains ( Fig. 5B ) that indicate (i) a lack of glide symmetry of the undulation for halfperiod displacement along m, the direction of the undulation wavevector and reflection about the plane of zero-layer displacement (i.e., the crests are rounded while the valleys are sharp, or vice versa, Fig . 5B); and (ii) an orthogonal lattice structure because the mean layer orientation is the same in the two domains. Such a layer structure is on average polar (along the layer normal, s) (48, 49) .
Visualizing the polarization modulation. The chemical stability of NOBOW and its B7 analogs in Fig. 1A is limited because of the susceptibility of these molecules to hydrolysis, which splits them in two at their Schiff's-base (CHN) linkages. This effect produces a decrease of the isotropic-B7 transition temperatures with x-ray exposure and aging at temperature and, as found in the XRD and FFTEM experiments, an increase of undulation wavelength with aging, with d m growing to at least 600 Å in bulk MHOBOW. This effect, although a nuisance, permits direct optical microscopic observation of the molecular orientation/polarization modulation patterns, because d m was found to increase with aging well into the micrometer range in freely suspended films of MHOBOW (50), and both thermally and with aging in freely suspended films of mOAM5AMOm (51) (m ϭ 8, 12, 14, 16 ) (52). Films that were 2 to 10 layers thick (i.e., with s normal to the film plane) were freely suspended in air (53) by drawing them in the B7 phase over a 5-mm-diameter hole in a glass cover slip (54) and then imaged with DRLM (55) . Freshly made MHOBOW films exhibited a 2D focal conic (FC) texture of orientation of the in-plane optic-axis projection (Fig. 6A) , which remained unchanged with application of small in-plane field (E ϳ 100 V/cm). Upon aging over several days at T ϭ 144°C, a gradually coarsening stripe pattern (indicating increasing d m ) appeared on the FCs (Fig. 6B) , which finally evolved to distinct defect lines (Fig. 6C) where the bend (splay) deformation of the in-plane orientation of the tilted optic axis (of the polarization) abruptly changes sign. This texture is locally SmC S P F , responding as a tilted chiral smectic to an applied in-plane field (53) and, like NOBOW, has a larger in-plane refractive index for optical polarization along p (Fig.  2A) . Because s must be normal to the imagefilm-layer plane, the initial 2D FC is direct evidence that the texture of (m,p) is 1D smectic-like, i.e., stripes in the layer plane with a pitch too small to resolve optically, mapping onto the 2D FC as shown in Fig. 6A . DRLM of the FCs shows in-plane optical anisotropy with higher refractive index for polarization parallel to these stripes and thus to the polarization direction p, as expected for the PM structures sketched in Fig. 1C , confirming the mapping of (m, p). Identical 2D focal conic textures and coarsening with aging were found in B7 films of the mOAM5AMOm series, with the key additional observation that in this system coarsening to the splay stripe textures could also be induced immediately simply by cooling to the low end of the B7 phase (Fig. 6F) . These 2D FC textures in the films are similar to, and have the same sign of optical anisotropy as, the low-birefringence FC domains grown from the isotropic in the glass cells (Fig. 6D) , indicating that the latter domains have the same geometry-i.e., are homeotropic-with s normal to the glass/image plane. The orientation pattern in Fig. 6C , identical to that found in polarization-modulated SmC films (30) , is mapped in Fig. 6E , showing the splay of P(r) and the line defects that enable it. PM states found to date in films are bistripe, i.e., we have not observed the four-stripe bulk MHOBOW structure (Figs. 1F and 4C ) in large-period film PM. These film observations likely explain the periodic free surface undulations found by atomic force microscopy of B7 preparations (56) .
The PM/UL state. Simple theoretical considerations impose additional constraints on the layer organization of a PM state: (i) Stripe domains in SmCP layers come in the four varieties of Fig. 2C , depending on the relative orientation of P and the handedness of the molecular tilt. However, in the PM/UL structure these must be such that the tilt is synclinic (C S ), as in Fig. 1G , with the tilt plane orientation compensating the undulation to reduce elastic strain in each layer. As Fig. 1G shows, anticlinic (C A ) layering leads to large elastic deformation in alternate layers that suppresses the modulation. (ii) PM will not be observed in any antiferroelectric SmCP, because alternation in sign of the polarization splay from layer to layer removes the basic driving force for global splay of P. Thus, strong evidence that polarization splay drives PM is provided by our key observation that among known SmCPs, the PM/ UL state is a feature of only the SmC S P F variety of Fig. 1A (57) . Next, we consider the overall arrangement of the P-splay stripes, which may depend on the material and may even be different in a different domain of a given material. Thus, antiferroelectric order- Fig. 4B in perspective] as inferred from the x-ray, freeze fracture, and optical data. The structure shows the PM stripe undulation, alternation of polarity and chirality, and two distinct types of PM defect lines (red, blue). (D and E) Top and side views of the PM structure, with green (orange) arrows indicating incident light with the cell tilted about p,s as in (A) and (B), respectively. Inspection shows that at normal incidence stripes of opposite chirality have identical response, giving overall achiral optics. This is also the case in (D), for sample tilt around p, where, although orange and gray-green shaded regions become optically nondegenerate upon tilt, each is independently on-average achiral. However, in (E), for sample tilt around s, the pink and gray shaded stripes become optically nondegenerate and are of opposite chirality, leading to the optical rotation shown in (B).
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ing accounts for the absence of secondharmonic generation in the as-grown steady states of MHOBOW and CITRO (10) , and the antiferroelectric racemic arrangement of P-splay domains (monostripe alternation in P, bistripe alternation in handedness), shown in Fig. 1 , E to G, uniquely accounts for the optical properties of banana leaf domains, as discussed below. Further evidence for this picture is found in chiral MHOBOW: In a chiral material (Fig. 1) , the neighboring (opposite handedness) undulation periods are no longer enantiomeric and thus should have different mean layer spacings, resulting in a weak distortion to an oblique lattice. The (S)-MHOBOW lattice is indeed found to be identical in dimension to that of racemic MHOBOW but slightly oblique ( fig. S3) , with an angle of ␤ ϭ 88.2°Ϯ 0.2°between s and m at T ϭ 131°C (43) . Electric-field expulsion of the polarization modulation. Further evidence for the PM state comes from features of the response of the B7s to an applied electric field E, with the LC as the dielectric in indium oxide-onglass transparent capacitors: (i) For low fields, the coupled polarization and molecular orientation are constrained by the modulation structure, and only a weak electro-optical (EO) response is expected or found. (ii) Nonzero E raises the internal energy of the PM, which is then expelled in favor of a state of uniform P for E above a threshold E th , i.e., a B7-to-SmC S P F transition is induced. A simple (over)estimate of E th can be obtained by equating the electric energy density with the elastic energy density of the PM: PE th ϳ K/d m 2 , where K ϳ 9 pN is the elastic constant for tilt plane reorientation (58) , predicting E th ϳ 30 V/m for a typical B2, with P ϭ 300 nC/cm 2 and d m ϭ 30 nm. This fieldinduced B7-to-SmC S P F phase change was observed as an irreversible, first-order transition (59) in all B7s studied, with E th in the range 1 V/m Ͻ E th Ͻ 20 V/m. Above threshold, the complex maze of as-grown B7 focal conic, banana leaf, homeotropic, and checkerboard domains gives way to a homogeneous texture of simple tilted smectic homochiral ferroelectric SmC S P F focal conics, with their unmistakable chiral EO response, described in detail for MHOBOW in (6) . The threshold for the field-induced B7-SmC S P F transition in H87 has been found to decrease as the temperature T B7CP of the thermal B7-SmCP transition is approached (9) . Because d m increases from 450 to 700Å through the B7 range as T approaches T B7CP , the predicted inverse relation between E th and d m is qualitatively confirmed.
Combined EO and XRD evidence that E-induced elimination of the PM also expels the layer undulation is presented in Fig. 3D , which shows optical micrographs and microbeam scattering from FCDs of 
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29 AUGUST 2003 VOL 301 SCIENCE www.sciencemag.org CITRO at T ϭ 100°C in the B7 phase, as-grown (red scattering, discussed above) and E-modified (green scattering). Below a threshold field, neither the optical nor the x-ray data are modified by the field, but for E Ͼ 20 V/m, the domain begins to exhibit the chiral extinction brush rotation shown, a signature of the transition to the PM-free SmC S P F state (6 ) , and the accompanying transition from the red-to green-shaded scattering is observed with x-ray illumination through the same region (in the red/green circles). The green scattering is a single peak centered at q m ϭ 0 and shifted out relative to the red to the point indicated by E on the q s axis, indicative of simple planar layers with a spacing d that is smaller than the pitch d s along s with the undulation present. Thus, the elimination of the PM defects enables the layers to become thinner at the crests and troughs. The consequent reduction of the undulation amplitude requires the layering pitch along s to become equally thinner at the regions of maximum slope, approaching the PM-free layer thickness d as the slope is reduced to zero. The peak positions show that in CITRO, the maximum slope in the undulation is ␤ max ϭ 14.5°, and thus the fractional layer expansion ␦d/d at the crests and troughs is ␦d/d ϭ [cos(␤ max )] Ϫ1 ϭ 3.3%. A fascinating aspect of the field experiments is that even though the SmC S P F layering is on average racemic in the PM stripes of Figs. 2 and 4, the macroscopic SmC S P F state that results upon undoing the PM is homochiral (6, 10, 40) . Achiral/chiral optics of the banana leaf domains. The orientation of the s-m-p lattice obtained from the x-ray data on BLDs enables a definitive interpretation of their optical properties and detailed insight into the nature of the PM in MHOBOW. The key transmission polarized light microscopic observations are shown in Fig. 4, A and B, and interpreted in Fig. 1, D to F, and Fig. 4 , C to E. With normal incidence, the banana leaf appears achiral and birefringent with optic axes along s and p, and remains so if the sample is tilted about p, the BLD short axis. Remarkably, chiral optical rotation of amplitude linear in the tilt angle appears for tilting the sample about s (the off-diagonal dielectric tensor element ε sp ϰ i). These observations put strict constraints on the possible internal organization of BLD polarity, chirality, and undulation symmetry. Because optical rotation disappears at normal incidence, the overall structure must be on average achiral, i.e., with left-and right-handed stripes related by glide reflections. Because tilting about p renders only the regions of differing sign of undulation slope inequivalent (Fig. 4D) , the absence of optical rotation upon p-tilt implies that the regions of each sign of slope must be independently on average achiral. This indicates that s-m is the glide plane, requiring then that the overall structure be antiferroelectric with a period of two undulation wavelengths. It then remains only to choose between two possibilities for the alternation in handedness in the stripes (flipping at either the blue or red defect lines). Of these, only the choice in Fig. 1 , D to F, and Fig. 4 , C to E, yields the s-tilt optical rotation. Its most interesting feature is the existence of two distinct types of PM defects: those where the handedness changes and the clinicity remains the same (drawn at the crests), and those where the handedness remains the same and the clinicity changes (drawn at the troughs). Because these defects are distinct structures, the crests and troughs of the undulation must be inequivalent, as sketched in Figs. 1, 4 , and 5 and observed in the freeze-fracture experiments.
Filaments and textures. Figure 7 , A to D, presents MHOBOW photomicrograph, freeze-fracture, and x-ray data that reveal the following general characteristics of the filaments, both freely suspended and grown in from the isotropic, that can be readily formed from PM phases: (i) Filaments have s normal or nearly normal to the filament long axis, i.e., a local structure of nested cylindrical surfaces (of circular or racetrack-shaped cross section), consistent with the layering structure proposed by Jákli et al. (13) . (ii) Filaments exhibit PM layer undulation similar to that of the bulk, with m making an angle ␣() (Fig. 7C) with the local filament axis, where is the distance from the filament center (60) .
Observation (ii), coupled with the ease with which PM phases form filaments relative to non-PM phases (e.g., B2), provides strong evidence that the PM is the essential element stabilizing filament structure. PM coupled with the smectic layering forms a 2D-ordered structure analogous to that of the 2D-ordered fluid columnar phases, which are known to form freely suspended filaments (61, 62) . However, the extreme anisotropy of its 2D ordering makes the PM case much more interesting, as evidenced, on the one hand, by the spectacular range of possibilities (Fig. 7A) , and, on the other hand, by the rigor with which a chosen structure is maintained (Figs. 2 and 7A) . The latter suggests that in a growing filament, ␣, once chosen, is fixed. The anisotropic softness, as evidenced by the low threshold for E-field-induced PM suppression (63), enables the PM ordering to accommodate the layer curvature at the filament surface and, importantly, reduces the energy cost of helical winding of the PM undulations around and along the filament (␣ ϳ 75°, evident in Fig. 7C ). The helical winding of the PM within the filament, with ␣ established by a nucleation event and remaining fixed during growth (64), provides a natural explanation of the twist deformation of filaments. Note that with this mechanism for filament helix- ing neither relies on, nor is indicative of, net SmCP layer chirality, as is assumed in current models (13) . Variation of filament profile (e.g., cylinder or racetrack shaped), ␣(), PM and smectic elasticity, filament diameter, and filament surface energies should provide the broad parameter space necessary to account for a diverse filament morphology.
The helical filaments play a key role in the formation of the striking B7 domains observed in few-micrometer-thick cells (compare Fig. 2B and cover) . The basic growth scenario is illustrated in the DTLM images of Fig. 2 , which shows helical filaments in the bulk being trapped on the surface for part of their length to form focal elements. Such trapped filaments organize as folded lattices (Fig. 2B) to form birefringent 2D FCDs (Fig.  2C) . A mechanism for generation of more complex textures, such as the checkerboard in Fig 2C, is shown in the parallel polarizer DTLM images in Fig. 2D , in which a filament, tethered to the surface and to the green dots (left), grows upon cooling by adding molecules all along its length (center). It spontaneously undulates, perhaps because of compressive stress due to its linear expansion, and the undulations form a 2D pattern (right) that is checkerboard or stripe-like, depending on the phase of the undulation in neighboring filaments. Such arrays internally reorganize and anneal into remarkably homogeneous periodic, quasi-periodic, or mazelike structures.
Other phases. If PM produces the structure proposed here for B7, then it may also lead to other bent-core LC phases with B7 properties. For example, the orientation frustration at the splay defect planes, instead of producing the B7 layer expansion, may be relieved by interdigitation (half-layer displacement) of the layers, which, as shown in Fig. 1H , accommodates in a natural way the opposite orientation of the bent molecules on opposite sides of a defect line. This arrangement leads directly to the 2D rectangular lattice in Fig. 1H , which is, in fact, the lattice structure of the B1 phase (3, 51, (65) (66) (67) , identified as the "frustrated" intermediate between the B7 and the B6 phases, the latter being the lamellar structure having the "half-layer" repeat of the defect regions in Fig. 1H . The "half-layer" structure is preferred with short tails, i.e., the layering is weaker, as is the case for calamitic smectics with shorter tails (68) . Thus, the B7-B1-B6 sequence found versus decreasing tail length in, for example, the mOAM5AMOm homologous series of bent-core dimers (51) may well be understood on the basis of PM. Another important example is the material W1044 (Fig. 1A) , which exhibits the spectacular textures of the B7 family (13) , but has an interdigitated 2D lattice of a phase of the B1 family (3, 69 ).
An additional possible response to the excess layer thickness is to form layer twist grain boundaries (TGBs) at the polarization splay defect planes. Then, in the case that the splay stripes are homochiral, the twist in molecular orientation across the stripes, evident in Fig. 1H , leads to the "polarization-splayed smectic slab" TGB structure (70) . This may be the origin of the low-birefringence optically active (dark conglomerate) textures found in MHOBOW (10), H87 (9) , and other B7 materials (71, 72) .
Conclusion. We have presented extensive evidence that several key mysteries of fluid smectic bent-core LCs can be understood on the basis of new phases in which the local spontaneous polar/chiral ordering drives a larger scale periodic structure of polarization splay defects. The globally 2D rectangular antiferroelectric, racemic phase with splay stripes, exhibiting a striking out-of-phase alternation of polarization and chirality, is the dominant structure found in MHOBOW, the most-studied material. A basic question that remains is the extent to which this particular structure is adopted in other materials, and, for that matter, in MHOBOW, because the twist of the filaments and the varying strength of chiral response found in domains taken through the field-induced PM-uniform transition (6 ) are suggestive of net handedness. However, such observations need to be carefully interpreted because, for example, other filament-forming systems of achiral molecules exhibit macroscopic chirality as the result of a spontaneous symmetry breaking (73, 74 ) .
These findings raise a host of theoretical questions, highlighting the need for a theory of PM formation in 3D smectic phases that (i) includes the correct treatment of the smectic layer elasticity and expansion, (ii) predicts the organization of polarity and chirality, (iii) describes the PM/UL-SmCP phase transition and the effect of electric field, and (iv) enables a mechanistic understanding of the preferred splay, which is likely to be due to steric packing polarity. The organization of helical PM in the filaments with the possibility of PM TGBs (60) is also a fascinating defect problem, which must be attacked to develop an understanding of the filaments' diverse twisting structures. The results reveal a class of condensed phases in which polarization modulation is a dominant effect, a class based on a molecular-design theme that enables many possibilities for substitution and variation in molecular structure.
